1 0 4 expensive than similar commercial products while providing a larger range of implant possibilities. 1 0 5 Furthermore, surgeons can map out coordinates in an interactive 3D environment to visualize the 1 0 6 surgery prior to implantation, reducing demands during surgery.
0 7
RatHat applications have been adopted in our lab for a variety of experimental needs. Here, we 1 0 8 demonstrate the use of RatHat in four experimental applications: multi-site chronic cannula, multi-site 1 0 9 optrode-electrode combination implants, a fixed microwire microarray, and a tetrode hyperdrive with a 1 1 0 microarray insertion tip.
1
RatHat is freely available to academic researchers, achieving open science goals. Academic 1 1 2 researchers interested in receiving the 3D files can contact Dr. Timothy Allen (tallen@fiu.edu). We will 1 1 3 first provide you a license to be executed by your institution, and upon completion, 3D files of the 1 1 4 implant system. RatHat components are printed using the 3D Systems ProJet 1200, a high resolution (56-micron xy, 30-1 1 8 micron layer thickness) 3D printer that uses micro-stereolithography (laser polymerization of resin and 1 1 9 UV light-curing), but any high-resolution 3D printer can be used. With the ProJet 1200 prints, we use 1 2 0 VisiJet FTX Green resin, a UV curable and biocompatible plastic composition commercially used in 1 2 1 castings because it is a durable with a tensile strength of 30MPa (or 4,351 PSI). After devices are 1 2 2 printed, we always ensure the holes are clear of debris or resin by thoroughly cleaning prints with 1 2 3 multiple dips in a 70% isopropyl alcohol (in di H 2 0) solution and clearing holes by using a pressurized air 1 2 4 output hose. Non-printable components such as wires or tubing are secured to the implant device prior 1 2 5 to surgery with cyanoacrylate (Zap CA+, Super Glue Corporation, California) followed by a quick-cure 1 2 6 spray (Zip Kicker, Super Glue Corporation, California). Another advantage of the RatHat system is that 1 2 7 these components are easily assembled using build-specific 3D printable assembly bases or jigs. All 1 2 8 implants are sterilized with 70% ethanol in diH 2 0 before surgical implantation and a gas sterilizer 1 2 9 (ethylene oxide). Autoclaving is not recommended. components are common to all designs. The RatHat implant is a stable and secure housing apparatus 1 3 2 for long-term neurosurgical implants. It is secured to the skull with anchor screws and dental cement.
3 3
The underside of the RatHat that makes contact with the skull contains horizontal channels for dental 1 3 4 cement, designed to optimize long-term adhesion of the implant to the skull and anchor screws (up to 9 1 3 5 months in our cohort). The version information and animal/experiment ID can be included on the print 1 3 6 as well for ease of identification.
3 7
The surgical stencil contains all alignment and drill holes for the specific target sites needed in 1 3 8 the surgery and was designed to facilitate rapid and accurate drilling of implantation and/or infusion 1 3 9 sites to match the RatHat implant base. The surgical stencil is a transformative device for any surgeon 1 4 0 to rapidly and cleanly introduce holes or craniotomies for an implant or injection. It is easy to print and 1 4 1 uses relatively small amounts of resin, so multiple copies can be used for a single surgery in case a 1 4 2 back-up is needed. This also helps with making straight and unbiased holes if free-handed drilling is 1 4 3 preferred.
4 4
The protective cap safeguards other RatHat components (e.g. cannula tubes, dummies, 1 4 5 electrodes, tetrode drives, etc.) from dust, debris, and impacts. It mounts on the side-walls of the 1 4 6
RatHat implant base and is secured with a screw. The walls and the protective cap are outfitted with 1 4 7 screw-holes for alignment on all sides to accommodate left-and right-handed surgeons. The protective 1 4 8 cap can be printed with lab insignia and/or animal names for quick identification purposes. Protective 1 4 9 caps can be replaced with a reprint if damaged in any way.
5 0
The jig (used to build cannula implants) serves to model the brain space and allows for precise 1 5 1 placement and securing of implant components such as cannula tubes in the RatHat prior to surgery. In 1 5 2 order to prepare the RatHat cannula implant base for surgery, the cured and cleaned 3D print is placed reduces fabrication time and more importantly, measurement errors, as hand-cut cannula tubes do not 1 5 7 SELF-TARGETING BRAIN IMPLANT SYSTEM 7 need to be precision-measured to a discrete depth, since the jig dictates depth. Once the stainless-1 5 8 steel cannulae are secured to the RatHat implant base, the device can be implanted in the brain without 1 5 9 the need for coordinate mapping during surgery. In this way, the jig replaces the dorsoventral (D/V) 10:00 am). Naïve rats were briefly handled for 3 -5 days after initial arrival. Access to food and water 1 6 7 was unrestricted before surgery. All surgical and behavioral methods were in compliance with the 1 6 8
Florida International University (FIU) Institutional Animal Care and Use Committee (IACUC) and 1 6 9
Institutional Biosafety Committee (IBC).
7 0
Surgically implanting the RatHat follows basic techniques for intracranial survival surgery (refer 1 7 1 to Fig. 1 for visualization) . Briefly, general anesthesia was induced (5%) and maintained by isoflurane 1 7 2
(1-2.5%) mixed with oxygen (800 ml/min). Rats were placed in a stereotaxic apparatus in the sterile 1 7 3 surgical field for stabilization with ear-and tooth-bars (although RatHat surgery can be performed 1 7 4 without this apparatus). Rats were administered glycopyrrulate (0.2 mg/ml, 0.5 mg/kg, s.c.) and 5 ml 1 7 5
Ringer's solution with 5% dextrose (s.c., over the duration of the surgery) for hydration. Temperature 1 7 6 was monitored with a rectal thermometer and maintained within ±1C° of baseline temperature with a 1 7 7 heating pad. The skull was exposed following a midline incision or fish-eye cut. The periosteum was 1 7 8 detached from the skull using cotton-tipped applicators (Puritan Medical Products, Maine) and clamped 1 7 9
with small hemostats to expose the width of the skull up to the lateral ridges (and 2 mm beyond the 1 8 0 ridges when accessing more lateral structures) and 3-4mm length (A/P) beyond bregma and lambda.
8 1
Score marks were made on the skull using the scalpel blade to aid dental cement adhesion.
8 2
The surgical stencil was aligned to bregma and lambda using the landmark holes that are 1 8 3 surrounded by crosshairs to facilitate visualization and placement. The stencil was secured to the skull 1 8 4 using cyanoacrylate (Zap CA+, Super Glue Corporation, California) followed by a quick-cure spray (Zip 1 8 5
Kicker, Super Glue Corporation, California). Drill holes were made in the appropriate regions according 1 8 6 to the specific RatHat build using a surgical drill (OmniDrill 3S, World Precision Instruments). Dura 1 8 7 mater was ruptured at the implant sites using a 32-gauge needle. The stencil was removed using a 1 8 8 scalpel blade or a spatula and discarded. Excess cyanoacrylate residue was scraped off the skull to 1 8 9 clear any debris that could interfere with placement of the RatHat implant base. The skull was 1 9 0 thoroughly cleaned with sterile saline or hydrogen peroxide (avoiding contact with skin and muscles) to 1 9 1 ensure successful long-term adherence of the RatHat. Titanium anchor screws were secured into 1 9 2 place. The RatHat was aligned to the drill holes and carefully lowered into place using the 1 9 3 micromanipulator arm or by hand, fitting it flush with the skull. Dental cement was applied in layers to 1 9 4 secure the base to the anchor screws and skull using a wooden applicator tip, a syringe, or a paint 1 9 5 brush (saturated first in the curing liquid and then used to pick up the dry powder, which polymerized 1 9 6 into the cement and facilitated creation of a smooth and well-anchored implant, free of jagged edges).
9 7
The inside of the implant was filled with dental cement to further stabilize components. Once dry, the 1 9 8 protective cap was secured onto the wall of the RatHat using a small screw. The posterior incision was 1 9 9 sutured if necessary, rats were administered an analgesic (Flunixin, 50 mg/ml, 2.5 mg/kg, s.c.), and 2 0 0 topical antibiotic ointment was applied around the surgical incision. The rat was placed in a post-2 0 1 surgical recovery incubator until awake and moving, and then returned to a clean home cage. A day 2 0 2 following surgery, rats were given an analgesic (Flunixin, 50 mg/ml, 2.5 mg/kg, s.c.) and topical 2 0 3 antibiotic ointment was applied. The protective cap was removed to check that the RatHat implant 2 0 4 components were in good condition. Rats were monitored post-operatively for a week and then 2 0 5 resumed behavioral or experimental testing.
0 6
Upon completion of the experiments, intracranial placements were mapped using postmortem 2 0 7 brain slices. Briefly, rats were induced under general anesthesia using isoflurane (5%) and 2 0 8 transcardially perfused with 100 ml of ice cold 0.1M PBS followed by 200 ml of 4% paraformaldehyde 2 0 9 (pH 7.4; Sigma-Aldrich, St. Louis, MO). Brains were post-fixed overnight in 4% paraformaldehyde and 2 1 0 then cryoprotected in a 30% sucrose and 0.1M PBS solution prior to sectioning (Leica CM3050S, Leica 2 1 1 SELF-TARGETING BRAIN IMPLANT SYSTEM 9 Biosystems). Three sets of immediately adjacent sections (40 μm, coronal orientation) were saved.
1 2
One set was mounted onto microscope slides for a cell-body specific Cresyl Violet stain for placement 2 1 3 analysis.
2 1 4 2 1 5
Results 2 1 6 Experiment 1: 3-pole cannula RatHat for simultaneous implantation of multiple cannula 2 1 7 (Fig. 2) . Commercially available multisite cannula assemblies from vendors such as PlasticsOne and 2 1 8 WPI are custom ordered, requiring a necessary lead-time, and very expensive. Furthermore, they only 2 1 9 accommodate up to two cannulas anchored together by a thin plastic tether, and are unable to 2 2 0 incorporate poles for angled insertions (other than perpendicular to the skull).
1
The RatHat cannula system contains multiple pre-measured cannulas assembled before 2 2 2 surgery, reducing surgical time by eliminating the need to identify coordinates with micromanipulators 2 2 3 and make insertions one-at-a-time. Here, two cannulas targeted perirhinal cortex (PER) bilaterally, and 2 2 4 one cannula targeted the nucleus reuniens of the thalamus (RE). PER is a good site to demonstrate the 2 2 5
RatHat cannula approach because it is a difficult structure to access, given its depth and laterality (A/P 2 2 6 -3.0 to -7.0; M/L ±.7.2; D/V -6.5 to -7.5; Paxinos & Watson, 2013; Burwell, 2001) . The third cannula 2 2 7 targeted RE, a structure that lies directly below the superior sagittal sinus (SSS; A/P -1.08 to -3.48; M/L 2 2 8 ±.08; -6.8 to -7.8 D/V). The SSS can easily rupture, prolonging surgical time and causing significant 2 2 9 damage or death. Thus, we incorporated an angled cannula pole (10°) into this RatHat design to target 2 3 0 RE and avoid SSS. This angled pole is fitted with a depth-stop, eliminating the need for D/V 2 3 1 measurements, and was inserted by hand then secured to the RatHat implant base.
3 2
Prior to implantation, male rats (n=13) were trained in an odor sequence memory task (from 2 3 3 Jayachandran, et al., 2019). Briefly, once rats reached criterion in the task, they underwent RatHat 2 3 4 implantation surgery. Following recovery, rats were retrained on the sequence task until they reached 2 3 5 performance criteria. This task demonstrates the durability of the RatHat, which is an ideal device for 2 3 6 experiments that require extended testing periods and involve extensive task related wear-and-tear.
3 7
These rats completed approximately 60 sessions after surgery, with 200-300 nose-pokes/session.
3 8
Additionally, rats were given 12 infusions over several weeks to either PER (bilaterally) or thalamic RE.
3 9
Infusions targeted the structures of interest and resulted in distinct sequence memory disruptions that 2 4 0 relate to the functioning of those regions. RatHat implants stayed on for an average of 6 months 2 4 1 (maximally 9 months), when rats were killed for histological analysis. There were no significant 2 4 2 deviations from the targets (see Fig. 2 G/H) showing great reliability.
4 3
Experiment 2: RatHat design for a combination of optogenetics and microwire recordings 2 4 4 ( Fig. 3) . We implanted rats (n = 4; 2 females) weighing approximately 275-350g at surgery. Here, the 
